Most cellular activity is maintained by the balance between the synthesis and degradation of related proteins. Degradation processes, therefore, play important roles in many physiological aspects as well as in the regulation of gene expression. Autophagy is a bulk degradation system for cytosolic proteins and organelles in lysosomes/vacuoles that is highly conserved in eukaryotic cells. Our division aims to understand the physiological roles and molecular mechanisms of autophagy in yeast and higher eukaryotes.
I. Background
In response to nutrient starvation, the autophagic process starts as a building up of membrane structures called autophagosomes in the cytoplasm. The autophagosome sequesters a part of the cytosol and organelles nonselectively. It is then delivered to the vacuole/lysosome, and the cytoplasmic materials inside are degraded by vacuolar/ lysosomal hydrolases. We discovered autophagy in a simple model organism, the budding yeast Saccharomyces cerevisiae, and have morphologically and genetically defined the whole process.
II. Mitochondria-specific autophagy requires the transmembrane receptor Atg32
Autophagy-dependent degradation of mitochondria is a fundamental process conserved from yeast to humans. In contrast to starvation-induced, nonselective autophagy responsible for nutrient recycling, selective autophagy, which involves particular cues and receptors required for induction and cargo recognition, respectively, mediates mitochondriaspecific breakdown. Although numerous studies highlight that mitochondria-specific autophagy (mitophagy) contributes to mitochondrial homeostasis, the molecular mechanisms underlying this selective clearance process are very poorly understood. We establish that a substantial fraction of mitochondria are exclusively sequestered and transported to the vacuole, a lytic compartment, in post-log phase cells under respiratory conditions (Figure 1 ). Using a genome-wide visual screen, we identified Atg32, a protein essential for mitophagy in budding yeast. During respiratory growth, Atg32 is highly expressed, likely in response to oxidative stress, and anchored on the surface of mitochondria. We also demonstrate that Atg32 interacts with Atg8 and Atg11, proteins critical for recognition of cargo receptors. Notably, Atg32 contains WXXI/L/V, a conserved motif that serves as a binding site for the Atg8 family members. Atg32 exposes its N-and C-terminal domains to the cytosol and mitochondrial intermembrane space, respectively. We propose that Atg32 is a transmembrane receptor that directs autophagosome formation to mitochondria. Figure 1 . Electron microscopy reveals electron-dense bodies containing mitochondria accumulated in vacuoles under respiratory conditions. Vacuolar protease-deficient cells were grown in non-fermentable medium for 5 days. Notably, mitochondria are selectively incorporated into the vacuolar lumen in an Atg32-dependent manner.
III. A novel physiological role of autophagy in plants: plant autophagy puts the brakes on cell death by controlling salicylic acid signaling
It has long been thought that autophagy in plants is important for nutrient recycling and plays a critical role in the ability of plants to adapt to environmental variation such as nutrient deprivation. Recent reverse genetic studies, however, hint at other roles for autophagy, showing that autophagy defects in higher plants result in early senescence and excessive immunity-related programmed cell death (PCD), irrespective of nutrient conditions. Until now the mechanisms by which cells die in the absence of autophagy were unclear. In collaboration with RIKEN Plant Science Center research groups, using biochemical, pharmacological and genetic approaches, we revealed a conserved requirement for salicylic acid (SA) signaling for these phenomena in autophagy-defective mutants (atg mutants). The atg mutant phenotypes of accelerated PCD in senescence and immunity were suppressed by inactivation of SA signaling but not by inactivation of jasmonic acid (JA) or ethylene (ET) signalings (Figure 2 
IV. Characterization of the Atg17-Atg29-Atg31 c o m p l e x s p e c i f i c a l l y re q u i re d f o r s t a r v a t i o n -i n d u c e d a u t o p h a g y i n Saccharomyces cerevisiae
In the yeast, Saccharomyces cerevisiae, Atg17, Atg29, and Atg31/Cis1 are specifically required for autophagosome formation by acting as a scaffold complex essential for preautophagosomal structure (PAS) organization. We show that these proteins constitutively form an Atg17-Atg29-Atg31 ternary complex, in which phosphorylated Atg31 is included (Figure 3 ). Reconstitution analysis of the ternary complex in E. coli indicates that the three proteins are included in equimolar amounts in the complex. The molecular mass of a monomeric Atg17-Atg29-Atg31 complex is calculated at 97 kDa; however, analytical ultracentrifugation shows that the molecular mass of the ternary complex is 198 kDa, suggesting a dimeric complex. We propose that this ternary complex acts as a functional unit for autophagosome formation.
V. S t r u c t u r a l s t u d i e s o f A t g p ro t e i n conjugation systems
Atg proteins contain two ubiquitin-like protein conjugation systems. In collaboration with Dr. Inagaki's group at Hokkaido University, understanding of these systems has proceeded from the viewpoint of structural biology. The ubiquitin-like protein Atg8 is synthesized as a precursor form with an arginine at the C terminus, which is immediately removed by the cysteine protease Atg4 to expose a glycine residue at the new C terminus. Then, this glycine of Atg8 is conjugated to the lipid PE (phosphatidylethanolamine) via reactions catalyzed by Atg7 and Atg3, E1 and E2 enzymes, respectively. Atg4 also serves as a deconjugation enzyme for Atg8; it cleaves the Atg8-PE conjugate and releases Atg8 from membranes. The crystal structure of LC3 (a mammalian Atg8 homolog) complexed with Atg4B (a mammalian Atg4 homolog) has been determined. This provided insights into Figure 3 . Atg17, Atg29, and Atg31 form a stable complex in vivo. Wildtype cells (BY4741) were grown and treated with rapamycin for 1 h. After cells were converted to spheroplasts, cell lysates were prepared by osmotic lysis. Cytosolic fractions (100,000 x g supernatant, HSS) were separated by size exclusion chromatography on a Superdex 200 column. Each fraction was analyzed by immunoblotting using anti-Atg1, antiAtg17, anti-Atg29, and anti-Atg31antibodies. Positions of molecular mass standards (in kDa) are shown. Open and closed circles indicate dephosphorylated and phosphorylated Atg31, respectively. 
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